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A METHOD OF PREPARING BIODEGRADABLE 
MODIFIBD-8TARCH MOLDABLE PROD UCTS AND FILMS 



TECHNICAL FIELD 

5 

This invention relates to the 
preparation of moldable products and films based 
on thermoplastic modified starch. More 
specifically, the present invention relates to a 
10 process of starch modification resulting in a 
hydrophobic product and the products made from 
the invented process. 



15 



BACKGROUND OF THE INVENTION 



Traditionally, plastics have been 
formulated to result in strong, light-weight, 
durable, and bioresistant polymeric materials. 
It is the durability and indestructibility that 
20 makes plastic the material of choice for many 

applications. However, these same properties are 
problems when the plastics enter the waste 
- stream. The recent trend is to create 
biodegradable plastics, most of such plastics 
25 being first commercialized in the mid 1980 •s. 1 

Among the first biodegradable plastics 
made were bl nds of non-biodegradable polyolefins 
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with starch which were at best only partially 
biodegradable. These plastics are not compatible 
with waste management infrastructures such as 
composting. Moreover, at that time the 
5 appropriate infrastructures capable of dealing 
with biodegradables did not exist. Instead of 
composting, these products generally ended up in 
sanitary landfills* 

Landfills, in general, are a poor 

10 choice as a repository of plastic and organic 
waste. The landfills are plastic-lined tombs 
designed to retard biodegradation by providing 
little or no moisture with negligible microbial 
activity. Organic waste, such as lawn and yard 

15 waste, paper, and food waste should not be 

entombed in such landfills to be preserved for 
posterity. Accordingly, there is a growing trend 
to divert these materials into composting 
facilities which allow them to be biodegraded to 

20 produce humus or compost. This compost can then 
be used as a valuable soil additive for new plant 
growth. 

When plastics are designed to be 
biodegradable, utilizing renewable resources as 
25 the major raw material component, the plastics 



can become part of an ecologically sound 
mechanism. 

Biodegradation of such natural 
materials produces valuable compost as the major 
product, in addition to water and carbon dioxide. 
Such carbon dioxide is fixed, or neutral carbon 
dioxide, and therefore does not contribute to an 
increase in the greenhouse gases. 

Rovell, Schultz and Narayan published a 
book on the emerging technologies from materials 
and chemicals from biomass. 2 In the first 
chapter of that book Narayan discusses the need 
for environmentally compatible polymers based on 
renewable resources. In that book is included a 
discussion of tailor-made cellulose-polystyrene 
graft polymers which were used as 
compatibilizers/interfacial agents to prepare 
cellulosic-polystyrene alloys and wood-plastic 
alloys (Ch.5, pp 57-75). 2 The graft copolymers 
function as emulsifying agents and provide for a 
stabilized, fine dispersion of the polystyrene 
phase in the continuous phase of the cellulosic 
matrix. 

United States Patent 4,891,404 to 
Narayan et al. 3 discusses a specific nucleophilic 
displacement reaction used to prepare such graft 
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polymers which are disclosed to be biodegradable 
thermoplastic copolymers exhibiting a high 
capacity for stabilized biodegradable blends of 
polysaccharides and synthetic thermoplastic 
5 polymers. The patent discusses the problems 
relating to the making of cellulose/ starch 
natural biopolymers and the problem of 
controlling the molecular weights and degree of 
substitution of such polymers. Earlier papers by 

10 Narayan and Stacy et al. 4 ' 5 further discuss 

biodegradable natural/synthetic graft copolymers. 

United States Patent 5,095,054 to Lay 
et al., 6 issued March 10, 1992, discloses the use 
of water as a plasticizer for starch (referred to 

15 as starch "destructurization") in order to make 
the material processable in for example an 
extruder. Products derived therefrom, tend to 
have the problem of rapidly losing water to the 
environment by evaporation. As a result this 

20 type of material tends to become brittle with 
age. These materials are also highly water 
sensitive which is undesirable for the majority 
of applications of thermoplastic products. 

To address this issue of water 

25 sensitivity, the patent includes various blends 
of destructurized starch with a variety of 
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synthetic petroleum-based plastics. These 
blends, along with the earlier starch-filled 
polyolefins, are at best only biodisintegratable 
and not fully biodegradable. 12 ' 31 " 33 Similar 
5 starch-polyolef in compositions have been reported 
by the Fertec group. 7 

The United States Patent 4,863,655 to 
Lacourse et al., 8 issued September 5, 1989, 
discloses water-soluble high amylose starch based 
10 compositions containing poly (vinyl alcohol) . 
This biodegradable modified starch product 
intended for loose fill, or "peanut-she 11 "-type 
foam packaging applications, for example, 
contains a hydroxy propylated starch having a 
15 very low degree of substitution. This type of 

modified starch is highly hydrophilic and water 
soluble; the starch contains about 5% by weight 
propylene oxide corresponding to a theoretical 
degree of substitution of 0.19. This is a very 
20 low degree of substitution compared with the 

maximum degree of substitution for starch which 
is 3.0 according to the three available hydroxyl 
groups on the anhydroglucose repeat unit. The 
poly (vinyl alcohol) typically used as a blend 
25 component further adds to the water-sensitive 
nature of these materials. In the case of 



peanut-shell packaging, the water solubility of 
such starch-based foams is in fact a positive as 
this allows the material to be disposed of in an 
environmentally friendly fashion by simply 
washing them with water down the drain; the 
material subsequently biodegrades in the sewer 
system. For other applications, however, which 
utilize moldable compositions for various 
packaging applications, fast food cutlery, 
plates, cups, etc., the need for moisture 
resistance is of ultimate importance. 

The prior art on biodegradable 
materials is restricted to starch-based materials 
in which the starch component is hydrophilic 
(water sensitive) . No prior art exists on making 
hydrophobic, thermoplastic modified starches as 
fully biodegradable products which are readily 
processable on conventional plastics processing 
equipment such as extruders, injection molders, 
etc. There are a number of patents and 
publications in the literature relating to 
modification of starch by esterif ication and 
etherif ication reactions. Most commercial 
modified starch products have low degree of 
substitution (DS) levels, are generally made by 
reactions in wat r with excess anhydride, and are 



designed to alter their solution properties for 
food applications or adhesion to paper, 
Acetylated starches, for example, have been known 
for more than 100 years. Starch acetates ranging 
from about 0.3 to about 1 DS are typified by 
water solubility. 9 Starch esters which are 
commercially available for consumption, used for 
example in salad dressings, have a degree of 
substitution which typically is lower than 0.1 
DS. For example, starch succinate derivatives 
are cleared for food use by the U.S. Food and 
Drug Administration (FDA) up to a 4% treatment 
level, which is equivalent to 0.07 DS. 10 

Highly acetylated starches, 
historically, were of some interest because of 
their organic solvent solubility and their 
thermoplasticity for film and fiber applications 
analogous to thermoplastic cellulose esters. In 
spite of this early development, high DS starch 
esters have not been developed commercially 
because they could not compete with similar 
cellulose derivatives in terms of strength and 
cost. 9 Of primary focus were starch triesters, 
which fell short in strength and impact 
properties. 11 ' 12 Such high-DS starch esters are 
characterized by their crystalline properties 



exhibiting clear melt transitions. 13 These high- 
DS starch esters are not biodegradable. Rivard 
et al. showed that under anaerobic conditions 
starch esters above substitution levels of DS=1.7 
were not biodegradable. 14 We have obtained 
similar results in our laboratory under 
composting conditions. 

In the present invention, we have 
designed starch esters with the appropriate 
degree of substitution, prepared by a unique 
homogeneous base-catalyzed system under anhydrous 
conditions, that allows us to obtain starch ester 
compositions having good mechanical properties 
while maintaining complete biodegradability. 
This requires starch ester compositions described 
in the present invention, to have an intermediate 
degree of substitution, preferably ranging from 
0.4 to 2.5 DS, more preferably from 1.0 to 2.0, 
and most preferably from 1.2 to 1.7 DS. The 
latter range of compositions have the most 
preferred balance in mechanical properties, water 
resistance, processability and the rate of 
biodegradation. The starch esters prepared by 
the present invention are predominately amorphous 
polymers; little or no residual native starch 
crystallinity remains due to the homogeneous 
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modification process employed. Without being 
restrictive, the absence of a new crystalline 
structure for the starch esters produced by this 
process relates to the range of intermediate 
5 degrees of substitution to give non-crystalline 
copolymers. High DS starch triesters approach 
the structure of a homopolymer having the needed 
macromolecular chain regularity required for 
crystallization. By designing starch esters of 
10 intermediate degree of substitution, prepared in 
a homogenous modification process, the placement 
of ester groups on the anhydroglucose repeat 
units is expected to follow a statistically 
random distribution pattern. This results in 
15 irregular macromolecular chains, giving rise to 
novel amorphous thermoplastics with unique 
properties . 

In addition, most high DS starch ester 
preparations in the prior art, 15 " 22 involve 
20 aqueous heterogeneous systems with excess 

anhydride, resulting in broad DS distribution 
profiles and therefore poor mechanical properties 
and poor moisture resistance. The economics of 
such processes are unfavorable due to hydrolysis 
25 of the anhydride, whereas high yields are 

obtained in the present invention which employs 
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anhydrous conditions. The use of organic 
solvents such as organic acids, 23 or dimethyl 
sulfoxide with sulfuric acid catalyst, 24 is also 
reported in the prior art, although molecular 
5 weight breakdown of the starch and starch ester 
products is inevitable under those 
conditions. 25 ' 26 

The present invention achieves good 
processability and mechanical properties by 

10 controlling the degree of substitution and 

molecular weight of the product. When anhydride 
is used as the esterif ication reagent, molecular 
weight breakdown of starch and starch esters is 
minimized by addition of a neutralizing agent to 

15 the reaction mixture. The control of molecular 
weight is achieved by neutralization of the acid 
by-product throughout the reaction in an excess 
of the neutralizing agent. This is in contrast 
with prior art high DS starch esters which either 

20 yielded degraded products 25,26 having 

significantly reduced molecular weights and 
consequently reduced mechanical properties, or 
utilized processes which are commercially 
unattractive due to high solvent recovery costs 

25 as well as issues regarding toxicity and safety 
as in th case of pyridine. 16 ' 25-29 In another 
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meth d, claimed to be commercially more 
attractive than the pyridine-based process 
described the art prior to 1972, a 212% molar 
excess of acetic anhydride was used to acetylate 
starches to high substitution levels. 15 ' 30 in 
contrast, in the present invention high yields 
(up to 96%) are obtained using equimolar levels 
of anhydride relative to starch hydroxyl 
moieties. Without being restrictive, this 
improvement is attributed to the highly effective 
acylation catalyst and anhydrous conditions. 
Prior art 15 " 30 reveals significant hydrolysis of 
the anhydride reagent to occur due to the 
relatively high water levels present during the 
reaction. Furthermore, the absence of incomplete 
starch granule destruction, as clearly evidenced 
in the literature, 30 indicates that these types of 
processes result in heterogeneous starch 
substitution. The homogeneous base-catalyzed 
process employed in the present invention, 
affords starch esters having a more uniform and 
narrow substitution profile than prior art. 

This control of substitution and 
molecular weight results in starch ester 
compositions having good moisture resistance and 
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excellent mechanical properties, not obtained 
with the previous inventions. 

A key aspect of this invention is that 
these compositions are fully biodegradable 
5 (complete mineralization) , as opposed to blends 
of biodegradable starch compositions with 
conventional petroleum-based plastics described 
earlier. 12 ' 31 " 33 As discussed, such blend 
compositions are at best biodisintegratable and 

10 not fully biodegradable. In composting, the non- 
biodegradable components will be persistent 
resulting in an irreversible build-up of these 
components in the environment causing reduced 
productivity and fertility of the soil. 34 Even if 

15 such "biodegradable" blend compositions, 
described in the prior art, are partially 
biodegradable, the resulting compost will have 
very little value. In fact, these recalcitrant 
components will be present in the final compost 

20 at significantly higher concentration levels than 
in the original waste mixture. 34 

SUMMARY OF THE INVENTION AND ADVANTAGES 

25 In accordance with the present invention, 

there is provided biodegradable products made by 
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preparing a biodegradable modified starch and 
forming a hydrophobic modified starch molded 
product or film product. 

The present invention provides a method 
5 for obtaining amorphous, high molecular weight, 
thermoplastic modif ied-starch products with 
controlled degree of substitution, optionally 
containing a miscible biodegradable plasticizer, 
and/or a compatible filler. The plasticizer is 

10 selected from the group including a variety of 
biodegradable esters miscible with the starch 
esters. Compounding with compatible additives, 
preferably talc and similar inorganic structural 
fillers, provides added compositions of matter with 

15 unusually increased strength and modulus. These 
products are readily processable, water resistant, 
and have good mechanical properties. Most 
importantly, the polymers are fully biodegradable 
and after their end-use can be composted to produce 

20 valuable soil amendment. 

BRIEF DESCRIPTION OP THE FIGURES 

Other advantages of the present invention 
25 will be readily appreciated as the same becomes 
better understood by reference to the following 
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detailed description when considered in connection 
with the accompanying drawings wherein: 

Figure 1 shows bar graphs of tensile 
properties for an unmodified starch sample and for 
5 modified samples in terms of maximum Psi, Young's 
modulus (MPsi) and elongation at break (%) , tensile 
test bars were equilibrated at 10, 50 and 93% RH 
for 48 hours; 

Figure 2 illustrates bar graphs showing 
10 variation in maximum Psi and Young's modulus for an 
unmodified starch sample and for a modified starch 
sample wherein tensile test bars were equilibrated 
at 10, 50, and 93% RH for 48 hours; 

Figure 3 illustrates bar graphs showing 
15 tensile properties for modified starch samples for 
maximum Psi, Young's modulus (MPsi) and elongation 
at break (%) wherein the tensile text bars were 
equilibrated at 10, 50 and 93% RH for 48 hours; 

Figure 4a shows differential scanning 
20 calorimetry (at 10 deg/min) of unmodified Hylon 
VII starch and Figure 4b shows differential 
scanning calorimetry under the same conditions for 
acetylated Hylon VII as prepared in Example 14; 

Figure 5 shows differential scanning 
25 calorimetry at 10 deg/min of propionated Hylong VII 
as prepared in Example 20; solution casting films 
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being prepared with varying levels of diethyl 
succinate plasticizer; 

Figure 6 is a graph showing the effect of 
diethyl succinate on the glass transition 
5 temperatur of propionated Hylon VII as prepared in 
Example 20, Tg onset values from DSC of solution- 
cast films prepared by casting from acetone 
solution; 

Figure 7 is a graph showing the effect of 
10 traiacetin on the glass transition temperature of 
propionated Hylon VII as prepared in Example 1, Tg 
onset values being from DSC of solution-cast films 
prepared by casting from acetone solution; 

Figure 8 is a graph showing DSC thermal 
15 analysis of starch esters with varying degrees of 
substitution, all samples being being pre-annealed 
for 20 minutes at 150 °C, cooled slowly at room 
temperature and scanned at 10 deg/min; 

Figure 9 is a photograph of injection 
20 molded products prepared with modified starch resin 
in accordance with the present invention, the 
prototypes being disposable cutlery and logo 
paperweights; 

Figure 10 is a graph showing comparison 
25 of relative water absorption of unmodified starch 
with modified starch compositions, tensile bar 



-16- 



samples being equilibrated at 50% RH for 5 days and 
stored at 93% RH; and 

Figure 11 is a photograph of extrusion- 
cast film prepared with modified starch resin 
demonstrating transparency and water resistance, 

DETAILED DESCRIPTIO N OP THE INVENTION 

The present invention provides a method 
of preparing a biodegradable modified starch 
product generally by the steps of preparing a 
modified starch and forming a hydrophobic modified 
starch product therefrom. More specifically, the 
process includes the steps of combining a starch 
with an anhydride, organic acid, acid chloride, 
ketene, or other ester if ication reagents in an 
anhydrous aprotic solvent, optionally in the 
presence of a basic catalyst thereby causing a 
reaction between the starch and anhydride, organic 
acid, acid chloride, ketene or other esterif ication 
reagents, optionally neutralizing the reaction 
during the combining step and then forming a 
hydrophobic biodegradable starch ester product. 
For example, by slowly adding anhydride to the 
solvent containing the starch while continuously 
neutralizing the reaction during th addition step, 



acid-catalyzed hydrolysis and the corresponding 
reduction in molecular weight of the modified 
starch products are minimized. Thus f hydrophobic 
products are obtained which are water repellent, in 
contrast to the starch raw material, which is 
hydrophilic and water soluble. Such starch ester 
compositions have higher molecular weight than 
compositions prepared by the same method in the 
absence of a neutralizing agent. The capability to 
produce high molecular weight starch ester 
compositions is essential for bbtaining 
compositions having good mechanical properties. 

Starch (C 6 H 10 0 5 ) n is a mixture of linear 
(amylose) and branched (amylopectin) polymers. 
Amylose is essentially a linear polymer of «(l-*4) 
linked D-glucopyranosyl units. Amylopectin is a 
highly-branched polymer of D-glucopyranosyl units 
containing «(l-*4) linkages, with <*(l-6) linkages at 
the branch points. The present invention can be 
used with various types of starches, such as 
regular corn starch which contains about 75% 
amylopectin (higher molecular weight branched 
starch polymer) and 25% amylose (lower molecular 
weight linear starch polymer) , as well as hybrid 
corn starch products containing more than 50% 
amylose, sold by National Starch and Ch mical 



Company and American Maize Products Company. 
Various other starches, such as potato starch, 
tapioca starch, rice starch, wheat starch, cassava 
starch, and other starches familiar to those 
skilled in the art can be utilized in accordance 
with the present invention. Compositions having 
increased levels of linear starch polymers are most 
likely to be the correct choice in terms of 
processability, film forming, molding, and 
mechanical properties. 

The starch ester compositions of the 
present invention comprise what is considered in 
the art to be a specialty starch, preferably having 
an amylose content greater than 50% and most 
preferably greater than 70%. The degree of 
substitution preferably ranges from 0.4 to 2.5 DS 
and more preferably from 1.0 to 2.0 DS. The most 
preferred composition ranges from 1.2 to 1.7 DS. 

A wide range of starch esters can be 
prepared using a wide variety of anhydrides, 
organic acids, acid chlorides, ketene, or other 
ester if ication reagents. The starch esters range 
from acetate, butyrate, up to C18 esters, and 
combinations of esters to derive copolymers. 
Examples of anhydrides include acetic-, propionic-, 
butyric-, maleic-, succinic-, phthalic- and stearic 



anhydride. Combinations of anhydrides can be used 
to derive copolymer derivatives. Anhydrous aprotic 
solvents, such as dimethylsulf oxide (DMSO) , N- 
methyl pyrrolidone (NMP) , dimethyl f ormamide (DMF) , 
dimethyl acetamide (DMAc) , etc. , are well known in 
the chemical arts. DMSO is the preferred solvent 
capable of forming a solution of the starch and the 
anhydride (s) , as well as the base catalyst and 
other additives. In addition, most starch ester 
products resulting from the modification process 
described in the present invention are soluble in 
DMSO. The solvent is also water-miscible which 
facilitates product work-up by precipitation in 
water. The solution of starch is formed by 
dispersing anhydrous starch (water level preferably 
< 50,000 ppm, more preferably < 5,000 ppm, most 
preferably < 2,000 ppm) in anhydrous DMSO (water 
level preferably < 1,000 ppm, more preferably < 500 
ppm, most preferably < 100 ppm) at room temperature 
(20 to 25 °c) and heating the mixture under 
mechanical agitation to above 80-c for approximately 10 minutes. 

The reaction of the starch and anhydride can be performed in the 

presence of a small amount of base catalyst. 
Examples of such catalysts are 4- 
dimethylaminopyridine (DMAP) , triethylamine, 
ammonia, sodium hydroxide, potassium hydroxide, and 
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other bases well known to those skilled in the 
chemical arts. The preferred catalyst is DMAP 
which is a highly efficient acylation catalyst 
available as a powder which is soluble in DMSO. 
The preferred range of DMAP is 0.01 to 15 mole% 
(based on anhydride) , the more preferred range 
being 0.1 to 10 mole%, and the most preferred range 
being 0.5 to 4 mole%. The most preferred catalyst 
is a cross-linked polyvinylpyridine available in 
the form of gel beads (e.g., POLYDMAP from Reilly 
Industries, Inc.) which are insoluble in all 
solvents, facilitate easy separation from the 
product by filtration, and can be readily recycled 
for multiple uses. The latter is also preferred 
from a safety and environmental standpoint, as 
opposed to pyridine, for example, which is highly 
toxic, odorous and for which larger than catalytic 
quantities would be required for starch 
modifications similar to those in the present 
invention. 

In a typical starch modification reaction 
a solution of starch is prepared in an aprotic 
solvent such as DMSO at a preferred level of up to 
50% weight of starch by volume of DMSO. A more 
preferred level of 1 to 25% weight of starch by 
volume of DMSO is used, and a most preferred 1 vel 
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of 5 to 15%, by dispersing the anhydrous starch 
powder (water level preferably < 50,000 ppm, more 
preferably < 5,000 ppm, most preferably < 2,000 
ppm) in a mechanically stirred vessel containing 
DMSO (water level preferably < 1,000 ppm, more 
preferably < 500 ppm, most preferably < 100 ppm) 
which is maintained at about 20 to 25°C, 
optionally under inert atmosphere. Subsequently, 
the dispersion is dissolved by heating the mixture 
under mechanical agitation to above 80 °C, 
preferably from 80 to 90°C, for approximately 5 to 
15 minutes. Prior to the modification reaction the 
mixture is preferably cooled back to room 
temperature (20 to 25*C) . Optionally, about 10 to 
200 mole% (based on anhydride) of a neutralizing 
agent such as sodium bicarbonate is added; more 
preferably 50 to 150 mole%, and most preferably an 
equimolar level (100 mole%) is added. 
Subsequently, a solution containing up to 15 mole% 
DMAP (based on anhydride) in DMSO, or more 
preferably containing from 0.1 to 10 mole% DMAP, 
and most preferably containing 0.5 to 4 mole% DMAP, 
is added to the starch-DMSO solution, or optionally 
added slowly during the starch modification 
reaction. Starch modification is achieved by the 
addition of anhydride, or other ester if icat ion 



reagents, preferably over the course of 1/2 to 2 
hours while maintaining the reaction temperature 
below 30°C, The continuous addition of anhydride, 
as opposed to batch addition at the start of the 
reaction, has the advantage of controlling the 
reaction exotherm and minimizing the average ratio 
of anhydride-generated acid to neutralizing agent 
during the reaction. As a result, these reaction 
conditions minimize molecular weight reduction of 
the starch and modified starch in the mixture. 
The product can be recovered by precipitation in an 
approximately 3 to 10-fold excess of water, or 
other non-solvents as for example ethanol, 
isopropanol, butanol, etc., under vigorous 
mechanical agitation, and filtered off, followed by 
multiple washes with non-solvent. Neutralization 
of the reaction is continuously carried out by 
adding to the reaction mixture a neutralizing 
agent, such as sodium bicarbonate and then slowly 
adding the anhydride over the course of the 
reaction. Other examples of neutralizing agents 
are potassium bicarbonate, ammonium bicarbonate, 
sodium carbonate, potassium carbonate, ammonium 
carbonate, sodium hydrogen phthalate, sodium 
hydroxide, potassium hydroxide, ammonium hydroxide, 
sodium bisulfate, potassium bisulfate, ammonium 



bisulfate, ammonium dihydrogen phosphate, and other 
neutralizing agents familiar to those skilled in 
the art. 

The desired results are achieved because 
the acid by-product is neutralized throughout the 
reaction period in an excess of the neutralizing 
agent. 

The present invention provides modified 
starch products having good processability, water 
resistance and mechanical properties by controlling 
the degree of substitution, in addition to 
molecular weight control. As discussed in the 
Background Section, this is in contrast with prior 
art high DS starch esters which either yielded 
degraded products 25 ' 26 having significantly reduced 
molecular weights, or utilized processes which are 
commercially unattractive. 15 ' 16 ' 25 " 30 In the present 
invention high yields (up to 96%) are obtained by 
using equimolar levels of anhydride relative to 
starch hydroxyl moieties. The present method 
employs a homogenous process which results in the 
destruction of the granular structure of starch to 
give starch esters having a more uniform and narrow 
substitution profile than the prior art. 

Current starch-based biodegradable 
products are water sensitive. The present 
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invention provides modified starch compositions 
that are thermoplastic and hydrophobic. Moreover, 
the compositions of the present invention are water 
insoluble as demonstrated by the fact that the 
reaction product is recovered by precipitation in 
water . Thus , these modified starches are water 
insoluble as a result of the chemical modification 
process . 

A plasticizer can be added to the 
composition to achieve greater material 
processability and product flexibility. 
Accordingly, molded articles and films prepared 
from the starch esters described in this invention 
can be enhanced by mixing with a variety of low 
molecular-weight ester plasticizers of the solvent 
type. A strict requirement for these plasticizers 
is that they are fully biodegradable. Examples of 
such plasticizers include a variety of esters, such 
as phthalate esters (dimethyl-, diethyl-, 
dipropyl-, dibutyl-, dihexyl-, diheptyl-, dioctyl-, 
etc.), dimethyl- and diethylsuccinate and related 
esters, glycerol triacetate (triacetin) , glycerol 
"mono- and diacetate, glycerol mono-, di- and 
tripropionate, glycerol tributanoate (tributyrin) , 
glycerol mono- and dibutanoate, glycerol mono-, di- 
and tristearat , and other related glycerol esters, 
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lactic acid esters, citric acid esters, adipic acid 
esters, stearic acid esters, oleic acid esters, 
ricinoleic acid esters, other fatty acid esters, 
erucic acid esters, soybean oil, caster oil, and 
various other biodegradable esters known in the 
chemical arts. Preferably, triacetin is used as a 
suitable plasticizer since it induces high 
flexibility, has a high boiling point (258 # C), is 
biodegradable, and is commercially available at a 
reasonable cost as reported in Chemical Marketing 
Reporter, March 23, 1992. A linear plot is 
produced of l/Tg vs. blend composition which is 
evidence of the effective plasticization 
capability, as per the Fox/Flory theory (See 
Figures 6 and 7, and the discussion in Example 22) . 
As set forth below in the Experimental Section, 
molded articles and transparent as well as 
translucent films can be prepared. Inorganic and 
organic fillers can be added to extend the range of 
properties of molded articles. Such inorganic 
fillers include talc (hydrous magnesium silicate) , 
titanium dioxide, calcium carbonate, clay, sand, 
chalk, limestone, diatomaceous earth, silicates, 
boron nitride, mica, glass, quartz, and ceramics, 
and biodegradable organic fillers such as starch, 
cellulos , wood flour and fibers, pecan fibers, and 



other inorganic and organic filler materials well 
known in the chemical arts. Compounding with 
compatible additives, preferably talc and similar 
inorganic structural fillers, provides added 
compositions of matter with unusually increased 
strength and modulus. Examples of materials made 
in accordance with the present invention in compost 
experiments confirm biodegradability. 

EXPERIMENTAL SECTION 

Example l! 

A starch modification reaction was 
carried out using as follows: 1502 g dried Hylon 
VII high-amylose corn starch, obtained from 
National Starch and Chemical Corporation, (=9.25 
moles of anhydroglucose repeat units; water content 
-2000 ppm) was dispersed in 10 L of anhydrous DMSO 
(water content ~250 ppm) under rapid mechanical 
agitation at about 20 to 25°C, in a 10 gallon 
jacketed vessel. The dispersion was dissolved by 
heating the mixture under mechanical agitation in 
a nitrogen atmosphere to 80 ± 5°C, for 
"approximately 10 minutes. Subsequently the mixture 
was cooled to room temperature (~25°C); 90 g of 
DMAP powder was dissolved at room temperature in 
2.5 L of anhydrous DMSO and added to the vessel. 
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Next, 1558 g sodium bicarbonate powder (approx. 
equimolar level based on anhydride) was added to 
the stirred vessel. Starch modification was 
achieved by the addition of 2284 g (2075 mL) 
propionic anhydride (=17.6 moles; DS-theor. - 1.9); 
over the course of 1 hour while maintaining the 
reaction temperature below 30°C by circulating 
cooling water through the jacket of the 10 gallon 
vessel. The continuous slow addition of anhydride 
over the given time period, as opposed to batch 
addition at the start of the reaction, has the 
advantage of controlling the reaction exothenn, and 
minimizing the average ratio of anhydride-generated 
acid to neutralizing agent during the reaction. As 
a result, these reaction conditions minimize 
molecular weight reduction of the starch or 
modified starch in the mixture. The product was 
recovered by precipitation in approximately 20 gal. 
(~75 L) of water under vigorous mechanical 
agitation, and filtered off over a pressure 
filter. A pH=7.3 was recorded for the precipitate 
which was washed 5 times with about 20 gal. of 
water (pH of water"9.4) to give a final pH=8.6 for 
the fifth wash. The product was dried by placing 
a 1/2 inch thick layer of the product crumbs on 
multiple stainless steel trays in a grounded 
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convectional air-driven oven at 55°C for 48 hours. 
A yield of 90% was obtained. The degree of 
substitution (DS) was determined to be DS=1.72 by 
titration in triplicate of hydrolyzed samples 
5 according to a published method (a set of three 
triplicates gave average DS values of 1.77, 1.69 
and 1.69). 35 A DS=1.4 was calculated based on the 
conversion of anhydride. 

10 Example 2: 

The procedure given in example 1 was 
followed using 2250 g dried Hylon VII high-amylose 
corn starch in 15 L anhydrous DMSO, to which was 
added 2108 g sodium bicarbonate, and 122 g DMAP 

15 dissolved in 1.75 L of anhydrous DMSO. 3434 g 
(3119 mL) of Propionic anhydride (DS-theor. =1.9) 
was added to the vessel over the course of 1 hour. 
Subsequently, a solution of 68.1 g of maleic 
anhydride (DS-tJjeor. =0.05) in 2 L anhydrous DMSO 

20 was added to the vessel over the course of 15 
minutes. A pH=7.5 was recorded for the precipitate 
which was washed 5 times with about 20 gal. of 
water (pH of water~9.4) to give a final pH=9.4 for 
the fifth wash. The yield of the starch ester. 

25 product was 88%. A DS=l.4 was calculated based on 
the conversion of anhydride. 
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Example 3: 

The procedure given in example 1 was 
followed using 1502 g dried Hylon VII high-amylose 
corn starch in 10 L anhydrous DMSO; 81 g DMAP 
5 dissolved in 1 L of anhydrous DMSO. This starch 
modification reaction was carried out in the 
absence of the sodium bicarbonate neutralizing 
agent. 2289 g (2079 mL) of Propionic anhydride 
(DS-theor. = 1.9) was added to the vessel over the 

10 course of 1 hour. Subsequently, a solution of 45.4 
g of maleic anhydride (DS-theor. - 0.05) in 1 L 
anhydrous DMSO was added to the vessel over the 
course of 15 minutes. A pH=4.3 was recorded for 
the precipitate which was washed 5 times with about 

15 20 gal. of water (pH of water '9. 4) to give a final 
pH=8.3 for the eighth wash. The yield of the 
starch ester product was 90%. A DS=1.5 was 
calculated based on the conversion of anhydride. 

20 Example 4; 

The procedure given in example 1 was 
followed using 603 g dried regular corn starch in 
4~L anhydrous DMSO, to which was added 620 g sodium 
bicarbonate, and 36 g DMAP dissolved in 1 L of 
25 anhydrous DMSO. 962 g of Propionic anhydride (DS- 
theor. = 2.0) was added to the vessel over the 
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course of 1 hour- A pH=7.i was recorded for the 
precipitate which was washed 5 times with about 20 
gal. of water (pH of water '9. 4) to give a final 
pH=9.2 for the fifth wash. The yield of the starch 
5 ester product was 86%. A DS=1.4 was calculated 
based on the conversion of anhydride. Analysis of 
the sample by 300 MHz 1 H NMR spectroscopy in 
DMSO-d6 gave a DS=1.80. 

10 Example 5: 

A starch modification reaction was 
carried out using as follows: 35 g of dried regular 
corn starch (=0.22 moles of anhydroglucose repeat 
units; water content ~2000 ppm) was dispersed in 

15 300 mL of anhydrous DMSO (water content ~250 ppm) 
under rapid mechanical agitation at about 20 to 
25 P C, in a 500 mL four-necked flask. The 
dispersion was dissolved by heating the mixture 
under mechanical agitation in a nitrogen 

20 atmosphere to 80 ± 5°C, for approximately 10 
minutes. Subsequently the mixture was cooled to 
room temperature (~25°C); 2.1 g of DMAP powder was 
dissolved at room temperature in 50 mL of anhydrous 
DMSO and added to the flask. Next, 36.5 g sodium 

25 bicarbonate powder (approx. half-molar level based 
on anhydride) was added to the stirred vessel. 
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Starch modification was achieved by the addition of 
88.5 g acetic anhydride (=0.87 moles; DS-theor. = 
3.0), over the course of 1 hour while maintaining 
the reaction temperature below 40 °C by cooling with 
5 an ice/water bath. The product was recovered by 
precipitation in a ten-fold excess of water under 
vigorous mechanical agitation; the 
water/precipitate mixture was ground in a blender 
to improve the work-up. A pH=5.0 was recorded for 

10 the precipitate which was washed 7 times with about 
1 L of water (pH of water "9. 4) to give a final 
pH=7.2 for the seventh wash. The product was 
filtered over a Buchner funnel and dried by placing 
the crumbs on a teflon tray in a vacuum oven at 

15 55 °C through which a steady flow of dry nitrogen 
was passed for 24 hours. A yield of 94% was 
obtained. A DS=2.6 was calculated based on the 
conversion of anhydride. 

20 Example 6; 

The procedure given in example 5 was 
followed using 10 g dried potato amy lose starch in 
250 mL anhydrous DMSO, to which was added 10.6 g 
sodium bicarbonate (approx. eguimolar level based 
25 on anhydride), and 0.64 g DMAP dissolved in 50 mL 
of anhydrous DMSO. 13.1 g of Acetic anhydride (DS- 
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theor. = 2.0) was added to the vessel over the 
course of 1 hour. A pH=5.i was recorded for the 
precipitate which was washed 4 times with about 1 
L of water (pH of water ~9. 4) to give a final pH=8.7 
5 for the fourth wash. The yield of the starch ester 
product was 89%. A DS=1.4 was calculated based on 
the conversion of anhydride. Analysis of the 
sample by 300 MHz X H NMR spectroscopy in DMSO-d6 
gave a DS»=1.63. 
10 Example 7: 

The procedure given in example 5 was 
followed using 31 g dried potato amylose starch in 
300 mL anhydrous DMSO, to which was added 31 g 
sodium bicarbonate (approx. equimolar level based 

15 on anhydride), and 1.87 g DMAP dissolved in 50 mL 
of anhydrous DMSO. 48.8 g of Propionic anhydride 
(DS-t/aeor. =2.0) was added to the vessel over the 
course of 1 hour. A pH=6.4 was recorded for the 
precipitate which was washed 4 times with about 1 

20 L of water (pH of water'9.4) to give a final pH=9.0 
for the fourth wash. The yield of the starch ester 
product was 87%. A DS=1.3 was calculated based on 
the conversion of anhydride. Analysis of the 
sample by 300 MHz X H NMR spectroscopy in DMSO-d6 

25 gave a DS=1.49. 
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Example 8: 

The procedure given in example 5 was 
followed using 30 g dried potato amy lose starch in 
300 mL anhydrous DMSO, and 1.82 g DMAP dissolved in 
5 50 mL of anhydrous DMSO. This starch modification 
reaction was carried out in the absence of the 
sodium bicarbonate neutralizing agent. 48.7 g of 
Propionic anhydride {DS-theor. =2.0) was added to 
the vessel over the course of 1 hour. A pH=4.7 was 
10 recorded for the precipitate which was washed 9 
times with about 1 L of water (pH of water ~ 9. 4) to 
give a final pH=6.8 for the ninth wash. The yield 
of the starch ester product was 83%. A DS=1.2 was 
calculated based on the conversion of anhydride. 

15 

Example 9; 

The procedure given in example 5 was 
followed using 10 g dried potato amylose starch in 
250 mL anhydrous DMSO, to which was added 13.4 g 

20 sodium bicarbonate (approx. equimolar level based 
on anhydride), and 0.79 g DMAP dissolved in 50 mL 
of anhydrous DMSO. 20.0 g of Propionic anhydride 
( DS- theor. =2.5) was added to the vessel over the 
course of 1 hour. A pH=6.8 was recorded for the 

25 precipitate which was washed 4 times with about 1 
L of wat r (pH of water'9.4) to give a final pH=9.4 
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for the fourth wash. The yield of the starch ester 
product was 87%. A DS=1.8 was calculated based on 
the conversion of anhydride. 

5 Example 10 ; 

The procedure given in example 5 was 
followed using 10 g dried potato amylose starch in 
250 mL anhydrous DMSO, and 0.80 g DMAP dissolved in 
50 mL of anhydrous DMSO. This starch modification 

10 reaction was carried out in the absence of the 
sodium bicarbonate neutralizing agent. 19.9 g of 
Propionic anhydride (DS-theor. =2.5) was added to 
the vessel over the course of 1 hour. A pH=4.3 was 
recorded for the precipitate which was washed 6 

15 times with about 1 L of water (pH of water "9. 4) to 
give a final pH=9.2 for the sixth wash. The yield 
of the starch ester product was 85%. A DS=1.7 was 
calculated based on the conversion of anhydride. 

20 Example 11: 

A starch modification reaction was 
carried out using as follows: 47.65 g of stearic 
"anhydride (=0.087 moles; DS-theor. = 1.0) and 14.4 
g of dried Hylon VII high-amylose corn starch 

25 (=0.089 moles of anhydroglucose repeat units; water 
content "2000 ppm) was dispersed in 300 mL of 
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anhydrous DMSO (water content "250 ppm) under rapid 
mechanical agitation at about 20 to 25°C, in a 500 
mL four-necked flask. The dispersion was dissolved 
by heating the mixture under mechanical agitation 
5 in a nitrogen atmosphere to 110 ± 5°C, for 
approximately 10 minutes. Subsequently the mixture 
was cooled to 80°C; 1.1 g of DMAP powder was 
dissolved at room temperature in 25 mL of anhydrous 
DMSO and added dropwise to the flask. After 7 

10 minutes the flask was cooled to room temperature 
with an ice/water bath. The product was recovered 
by precipitation in a ten-fold excess of water 
under vigorous mechanical agitation; the 
water/precipitate mixture was ground in a blender 

15 to improve the work-up. The product was filtered 
over a Buchner funnel and dried by placing the 
crumbs on a teflon tray in a vacuum oven at 55 °C 
though which a steady flow of dry nitrogen was 
passed for 24 hours. A yield of 86% was obtained, 

20 taking into account that 83% of stearic acid was 
recovered under similar conditions in the absence 
of starch. 

BXflffiPl? 13: 

25 The procedure given in example 11 was 

followed using 49.5 g of acetic anhydride (=0.49 
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moles; DS-theor. - 1.7) and 30.2g of stearic 
anhydride (=0.055 moles; DS-theor. - 0.2) and 45.7 
g of dried Hylon VII high-amylose corn starch 
(=0.28 moles of anhydroglucose repeat units; water 
content '2000 ppm) . The dispersion was dissolved 
by heating the mixture under mechanical agitation 
in a nitrogen atmosphere to 85 ± 5°C for 
approximately 10 minutes; 2.72 g of DMAP powder was 
dissolved at room temperature in 25 mL of anhydrous 
DMSO and added dropwise to the flask. After 7 
minutes the flask was cooled to room temperature 
with an ice/ water bath. The product mixture was 
dark black and could not be recovered by 
precipitation in water in which it was soluble. 

Example 13: 

The procedure given in example 11 was 
followed using 18.9 g of stearic anhydride (=0.034 
moles; DS-theor. =0.2) and 25.1 g of dried Hylon 
VII high-amylose corn starch (=0.15 moles of 
anhydroglucose repeat units; water content "2000 
ppm) . The dispersion was dissolved by heating the 
mixture under mechanical agitation in a nitrogen 
atmosphere to 85 ± 5C° for approximately 10 
minutes; 1.71 g of DMAP powder was dissolved at 
room temperature in 50 mL of anhydrous DMSO and 



added dropwise to the flask. After 30 minutes the 
flask was slowly cooled to room temperature. 
Subsequently, 27.8 g of Acetic anhydride (=0.27 
moles; DS- theory 1.7) was added over the course of 
1 hour while maintaining the reaction temperature 
below 35 °C by cooling with an ice/ water bath. The 
product was recovered by precipitation in a ten- 
fold excess of water under vigorous mechanical 
agitation; the water/precipitate mixture was ground 
in a blender to improve the work-up. A pH=3.6 was 
recorded for the precipitate which was- washed 7 
times with ^ about 1 L of water (pH of water '9. 4) to 
give a final pH=7.0 for the seventh wash. The 
product was filtered over a Buchner funnel and 
dried by placing the crumbs on a teflon tray in a 
vacuum oven at 55°C though which a steady flow of 
dry nitrogen was passed for 24 hours. A yield of 
89% was obtained, taking into account that 83% of 
stearic acid was recovered under similar conditions 
in the absence of starch. 

Example 14: 

A starch modification reaction was 
carried out using as follows: 30.6 g of dried Hylon 
VII high-amylose corn starch (=0.19 moles of 
anhydroglucose repeat units; water content "2000 
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ppm) was dispersed in 300 iqL of anhydrous DMSO 
(water content "250 ppm) under rapid mechanical 
agitation at about 20 to 25°C / in a 500 mL four- 
necked flask. The dispersion was dissolved by 
heating the mixture under mechanical agitation in 
a nitrogen atmosphere to 80 ± 5°c, for 
approximately 10 minutes. Subsequently the mixture 
was cooled to room temperature (~25°C); 1.8 g of 
DMAP powder was dissolved at room temperature in 50 
mL of anhydrous DMSO and added to the flask. Next, 
31.9 g sodium bicarbonate powder (approx. 1.1 to 1 
molar ratio to anhydride) was added to the stirred 
vessel.. Starch modification was achieved by the 
slow addition of 34.6 g acetic anhydride (=0.34 
moles; DS-theor. - 1.8), over the course of 1 hour 
while maintaining the reaction temperature below 
40°C by cooling with an ice/water bath. The 
product was recovered by precipitation in a ten- 
fold excess of water under vigorous mechanical 
agitation; the water /precipitate mixture was ground 
in a blender to improve the work-up. A pH=5.7 was 
recorded for the precipitate which was washed seven 
^times with about 1 L of water (pH of water '9. 4) to 
give a final pH = 7.1 for the fifth wash. The 
product was filtered over a Buchner funnel and 
dried by placing the crumbs on a teflon tray in a 
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vacuum oven at 55 °C though which a steady flow of 
dry nitrogen was passed for 24 hours. A yield of 
90% was obtained. A DS=1.2 was calculated based on 
the conversion of anhydride. 

5 

Example 15 : 

The procedure given in example 14 was 
followed using 30.3 g of dried Hylon VII high- 
amylose corn starch (=0.19 moles of anhydroglucose 

10 repeat units; water content "2000 ppm) in 250 mL 
anhydrous DMSO, to which was added 26.4 g sodium 
bicarbonate (approx. eguimolar level based on 
anhydride), and 1.55 g DMAP dissolved in 50 mL of 
anhydrous DMSO. 41.9 g of Propionic anhydride (DS- 

15 theor. = 1.7) was added to the vessel over the 
course of 1 hour. A pH=5.0 was recorded for the 
precipitate which was washed 4 times with about 
1 L of water (pH of water'9.4) to give a final 
pH=9.0 for the fourth wash. The yield of the 

20 starch ester product was 92%. The degree of 
substitution was determined to be DS=1.52 by 
titration in triplicate of hydrolyzed samples 
according a published method. 35 A DS=1.4 was 
calculated based on the conversion of anhydride. 

25 



sample 16: 
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The procedure given in example 14 was 
followed using 29.9 g of dried Hylon VII high- 
amylose corn starch (=0.18 moles of anhydroglucose 
repeat units; water content '2000 ppm) in 200 mL 
5 anhydrous DMSO, to which was added 31.2 g sodium 
bicarbonate (approx. equimolar level based on 
anhydride), and 1.79 g DMAP dissolved in 50 mL of 
anhydrous DMSO. 58.4 g of Butyric anhydride (DS- 
theor. = 2.0) was added to the vessel over the 

10 course of 1 hour. A pH=5.0 was recorded for the 
precipitate which was washed 6 times with about 1 
L of water (pH of water'9.4) to give a final pH'9 
for the sixth wash. The yield of the starch ester 
product was 94%. A DS=1.8 was calculated based on 

15 the conversion of anhydride. 

Example 17: 

The procedure given in example 14 was 
followed using 30.0 g of dried Hylon VII high- 

20 amylose corn starch (=0.19 moles of anhydroglucose 
repeat units; water content "2000 ppm) in 200 mL 
anhydrous DMSO, to which was added 31.3 g sodium 
bicarbonate (approx. equimolar level based on 
anhydride), and 1.78 g DMAP dissolved in 50 mL of 

25 anhydrous DMSO. 24.0 g of Propionic anhydride (DS- 
theor. = 1.0) and 29.9 g of butyric anhydride (DS- 
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theor. = 1.0) was added to the vessel oyer the 
course of 1 hour. A pH=5.5 was recorded for the 
precipitate which was washed 5 times with about 1 
L of water (pH of water~9.4) to give a final pH=8.5 
5 for the fifth wash. The yield of the starch ester 
product was 92%. A DS=1.6 was calculated based on 
the conversion, assuming equal reactivity for the 
two anhydrides. 

io Example is t 

The procedure given in example 14 was 
followed using 29.2 g of dried Hylon VII high- 
amylose corn starch (-0.18 moles of anhydroglucose 
repeat units; water content "2000 ppm) in 250 mL 

15 anhydrous DMSO, to which was added 61.6 g sodium 
bicarbonate (approx. equimolar level based on 
anhydride), and 3.65 g DMAP dissolved in 75 mL of 
anhydrous DMSO. 96.5 g of Propionic anhydride (DS- 
theor. = 3.0) was added to the vessel over the 

20 course of 1 hour. A pH~5 was recorded for the 
precipitate which was washed 5 times with about 
1 L of water (pH of water "9. 4) to give a final 
pH*8 for the fifth wash. The yield of the starch 
ester product was 88% based. A DS=2.3 was 

25 calculated based on the conversion of anhydride. 
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Example 19! 

The procedure given in example 14 was 
followed using 50 g of dried Hylon VII high-amylose 
corn starch (=0.31 moles of anhydroglucose repeat 
5 units; water content "2000 ppm) in 350 mL anhydrous 
DMSO, to which was added 46.9 g sodium bicarbonate 
(approx. 1.8 to 1 ratio to anhydride), and 2.7 g 
DMAP dissolved in 50 mL of anhydrous DMSO. 40.1 g 
of Propionic anhydride (DS-theor. =1.0) was added 

10 to the vessel over the course of 1 hour. A pH=7.8 
was recorded for the first precipitate which was 
very sticky and loss of some product occurred 
during filtration. The degree of substitution was 
determined to be DS=1.01 by titration in triplicate 

15 of hydrolyzed samples according to a published 
method. 35 

Example 20s 

A starch modification reaction was 

20 carried out using as follows: 700.9 g of dried 
Hylon VII high-amylose corn starch (=4.33 moles of 
anhydroglucose repeat units; water content "2000 
ppm) was dispersed in 5 L of anhydrous DMSO (water 
content "76 ppm) under rapid mechanical agitation 

25 at about 20 to 25°C, in a 12 L four-necked flask. 
The dispersion was dissolved by heating the mixture 



under mechanical agitation in a nitrogen atmosphere 
to 80 ± 5°C, for approximately 30 minutes. 
Subsequently the mixture was cooled to room 
temperature C25°C) , and 1285 g of propionic 
anhydride (=9.88 moles; DS-theor. =2.3) was added 
over the course of 25 minutes to avoid 
precipitation of starch. Starch modification was 
achieved by the slow addition of 48.4 g of DMAP 
(dissolved in 770 mL of anhydrous DMSO) over the 
course of 45 minutes while maintaining the reaction 
temperature below 30 °C by cooling with an ace/water 
bath. The product was recovered by precipitation 
in approximately 10 gal. of water under vigorous 
mechanical agitation, and filtered off over a 
pressure filter. The product was washed 7 times 
with about 2 gal. of water and dried by placing a 
1/2 inch thick layer of the product crumbs on 
multiple stainless steel trays in a grounded 
convectional air-driven oven at 55 °C for 48 hours. 
A yield of 96% was obtained. A DS=2.0 was 
calculated based on the conversion of anhydride. 

Example 21 : 

To illustrate the thermoplastic behavior 
of the starch esters prepared by this invention, 9 
compositions ar listed in Table 1 (master batch 2 
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to 10) which were processed in conventional 
plastics-type processing equipment which was used 
without any special modifications. These master 
batches were prepared for twin-screw extrusion and 
injection molding of tensile test bars and 
determination of mechanical properties such as 
tensile strength, initial modulus and elongation to 
break. In addition, a composition containing 
unmodified starch (master batch 1) was prepared 
using glycerol plasticizer. Comparison of this 
unmodified starch composition with the modified 
starch compositions given in Table 1, serves to 
illustrate the property enhancement made by the 
modification process described in this invention, 
such as improved moisture resistance and enhanced 
mechanical properties. The master batches given in 
Table 1 were prepared by using a Containerized 
Batch Mixer equipped with a tumbling 8 quart 
stainless steel mixing chamber, internal mixing 
agitators and liquid injection auxiliary for 
homogeneous dispersion of plasticizers. This 
solids mixer provided homogeneous mixtures of the 
"modified starch powders with plasticizer and other 
additives such as fillers. A twin-screw extruder 
with 1" diameter screws (L/D=14) and dual orifice 
die, along with a pellet izer, was used to process 
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the powders from master batches 1 to 10 at a 
temperature profile of 105°C (zone 1: f eed) , 165°C 
(zone 2), 165°C (2one 3), and 155°C (zone 4: Die), 
to give pelletized (or granulated) resins 
reminiscent of conventional commercial plastic 
pellets. Injection molded tensile test bars were 
prepared and tested according to ASTM standard 
procedure #D638-9l (using Type 1 tensile bar 
specimen) . Three sets of about 10 tensile test 
bars were equilibrated for 48 hours at 10, 50 and 
93 ± 5% relative humidity conditions, and their 
mechanical properties are given in Table 2. 

Figure l illustrates the significant 
increase in mechanical strength (Maximum Psi) and 
stiffness (Young »s Modulus) achieved by the starch 
modification process described in this invention, 
as well as a significant decrease in property 
variation with changes in relative humidity (RH) by 
comparing the unmodified starch composition (master 
batch i) with modified starch compositions (master 
batch 2, 3 and 4). The mechanical properties that 
can be attained for the modified starch 
"compositions described in this invention are in the 
range of polystyrene (i.e. sample 4, for example) . 
This examplifies the feasibility of using these 
biodegradable bio-based plastics for various 



single-use applications such as a replacement for 
polystyrene type disposable cutlery and various 
packaging materials. Tensile bars prepared from 
the unmodified starch composition (master batch 1) 
equilibrated for 48 hours at 93% RH were severely 
cracked, swollen and deformed, and had virtually 
lost all strength and integrity; these samples 
could be pulled apart manually and had a dough-like 
consistency. In contrast, tensile bars prepared 
from the starch ester compositions (master batch 2 
to 10) did not change in appearance with change in 
relative humidity. Moreover, the minor changes 
observed in mechanical properties (see Figures 1 
and 2) with changes in relative humidity further 
serve to illustrate the significantly enhanced 
moisture resistance for the starch ester 
compositions described in this invention. 

Figure l further illustrates a 
significant enhancement in mechanical strength 
(Maximum Psi) and stiffness (Young 1 s Modulus) 
achieved by the addition of a filler. The increase 
in modulus resulting from the addition of a filler 
to a polymeric resin is well known to those skilled 
in the art. However, the corresponding increase in 
mechanical strength observed here for the modified 
starch compositions with addition of talc, or other 



fillers, is a unique embodiment of this invention. 
Without being restrictive, these results indicate 
good wetting of the modified starch polymer with 
the filler surface. 

Figure 3 illustrates the effect of 
neutralizing agent on the mechanical properties. 
Higher mechanical strength was obtained for a 
starch ester composition prepared in the presence 
of sodium bicarbonate, as a result of the 
neutralization of propionic acid by-product formed 
during the modification process. The increase in 
modulus and decrease in elongation to break, paired 
with the decrease in mechanical strength observed 
here for tensile samples prepared from master batch 
5 as compared to those prepared from master batch 
4 (Figure 3), indicates a more brittle material 
results for modified starches when prepared in the 
absence of a neutralizing agent such as sodium 
bicarbonate, or other neutralization agents, which 
is a unique embodiment of this invention. Clearly 
the magnitude of change in mechanical properties 
depends on the concentration of starch and 
anhydride (s) used in the modification process, the 
level and effectiveness of the neutralizing agent 
employed, as well as on the level of the various 
additives in the master batch. 
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Without being restrictive, the 
enhancement of mechanical properties is probably 
the result of a neutralizing agent employed in the 
starch modification process in which starch remains 
virtually undegraded to yield a high molecular 
weight modified starch product, thus yielding 
molded products having relatively higher ultimate 
tensile strength. Gel permeation chromatography 
(GPC) indicated that the nominal weight average 
molecular weight, Mw, determined in DMSO solvent 
(containing 0.01 M LiBr to prevent aggregation) 
remained virtually unchanged for starch when 
modified in the presence of sodium bicarbonate 
(NaHC0 3 ), while it decreased in the absence of the 
neutralizing agent. To allow for a valid 
comparison, only modified samples of highly 
purified amy lose were used because the 
interpretation of molecular weights determined by 
GPC for mixtures of linear and branched polymers is 
highly complex. In addition, starch was 

regenerated in a manner similar to a procedure 
published previously; 35 ' 36 however, the procedure 
-was modified to afford GPC samples in DMSO solvent. 
Thus, regenerated starches were prepared for potato 
amy lose esters using saponification, by placing 
0.500 g of starch ester and 50 mL of 1M KOH in 
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water in a 100 mL volumetric flask, allowing it to 
hydrolyze for 3 days in a refrigerator at 4°C with 
periodic agitation, and subsequently allowing it to 
warm to room temperature, filling the volumetric to 
the mark with 1 M KOH followed by neutralization of 
10,00 mL of this solution with 5M HC1 and dilution 
to 100.0 mL with DMSO. The molecular weights of 
the regenerated starches are given in Table 3, and 
these compare very well with those of unmodified 
potato amylose starch when the starches were 
prepared in the presence of sodium bicarbonate, 
while a decrease is evident in the absence of the 
neutralizing agent, thus, without being 
restrictive, providing further evidence that the 
starch remained virtually undegraded by the 
modification procedure described in this invention. 
The intrinsic viscosity, [it], was determined by a 
single-point intrinsic viscosity method on a 
Viscotec Model 200 GPC in DMSO/water (90/10 
vol/vol) at 40°C using a viscometer detector, and 
by-passing the GPC column with 50 ft. of tubing 
(0.01" i.d.). The viscosity data (Table 3) 
suggests that some degradation did occur, although 
the decrease in intrinsic viscosity is relatively 
small (compare [ti] for potato amylose with the 
regenerated starches derived from modified starch 



samples prepared in Examples 6 and 7) . These data 
confirm that in the absence of a neutralizing agent 
a significant decrease in intrinsic viscosity is 
observed (Example 7 versus 8) . 

Example 32; 

Figure 4 illustrates the effect of starch 
modification on thermal properties by comparing 
scans obtained from Differential Scanning 
Calorimetry (DSC) . Whereas the dry unmodified 
starch in Figure 4a shows essentially no thermal 
transitions other than the onset of thermal 
degradation around 260 °C, Figure 4b clearly reveals 
a sharp glass transition for the acetylated starch 
around 155 °C. This provides direct evidence for 
the thermoplastic nature of modified starches 
described in this invention. 

Table 4 further illustrates the effect of 
plasticizer on thermal properties. The decrease in 
extruder load observed with increasing plasticizer 
levels illustrates that improved processability was 
obtained by using ester plasticizers, such as 
"triacetin and tributyrin. In accordance, a 
decrease in softening point, Ts, was also observed 
for triacetin and tributyrin plasticizers, although 
at 25% butyrin, Ts did not further decrease; the 
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corresponding extruded sample was translucent 
indicating reduced miscibility, whereas all other 
samples were transparent indicating good 
miscibility. The softening point was obtained from 
Thermal Mechanical Analysis (TMA) ; for polystyrene, 
by comparison, a softening point of lii°c was 
obtained. The Storage Modulus, E r , and the Loss 
Modulus, E' were obtained from Dynamic Mechanical 
Analysis (DMA) . The decrease observed in the 
modulus values from 0 to 20% triacetin corresponds 
closely with a shift in glass transition, thus 
providing further evidence for the effective 
plasticization imparted by the ester plasticizers 
of the solvent-type which are a unique embodiment 
of this invention. For polystyrene, by comparison, 
E' and E' • were measured to be 106°C and 117°C, 
respectively, while a value of 101° C was obtained 
for the glass transition temperature, Tg, by DSC. 

The effect of plasticizer on thermal 
properties is further illustrated in Figure 5 for 
a sample of propionated Hylon VII starch prepared 
by the method described in Example 20. DSC scans 
were acquired for solution-cast films prepared with 
varying levels of diethyl succinate plasticizer; 
the samples were carefully dried for 10 hrs. at 
65 °C in a vacuum oven to remove r sidual levels of 



acetone solvent. The level of plasticizer was 
confirmed by Thermal Gravimetric Analysis (TGA) for 
the sample containing 25% diethyl succinate. This 
solution casting technique afforded clear and 
transparent films which increased in flexibility 
with increasing plasticizer content. Figure 5 
demonstrates a continuous and significant shift in 
glass transition temperature with increasing 
plasticizer level. Figures 6 and 7 are Fox-Flory 
plots of plasticizer composition versus reciprocal 
Tg for diethylsuccinate and triacetin plasticizers, 
respectively. The linearity observed in these 
plots provides further evidence for the effective 
plasticization imparted by the ester plasticizers 
of the solvent-type which are a unique embodiment 
of this invention. 

The modified starch polymers prepared in 
the present invention have an intermediate degree 
of substitution, preferably ranging from, 0.4 to 
2.5 DS, more preferably from 1.0 to 2.0, and most 
preferably from 1.2 to 1.7 DS. Typically, these 
modified starch polymers are predominately 
amorphous polymers. Little or no residual native 
starch crystallinity remains due to the homogeneous 
modification process employed. Figure 8 and Table 
5 illustrate that a melting endotherm was observed 



only for a highly substituted sample of starch 
propionate (DS=3.0). To further illustrate this, 
a second scan was obtained as shown at the bottom 
of Figure 8, following rapid quenching with liquid 
nitrogen from the melt. This second scan clearly 
shows a recrystallization exotherm crystalline 
nature of this polymer. No crystalline melting 
endotherms or degrees of substitution (see Table 5 
and Figure 8). All samples were annealed at 105°C 
to 20 minutes to facilitate potential 
crystallization of the polymers, prior to obtaining 
the first DSC scan. 

Without being restrictive, the absence of 
a new crystalline structure for the starch esters 
produced by this process probably relates to the 
range of intermediate degrees of substitution to 
give non-crystalline copolymers. High DS starch 
tries ters approach the structure of a homopolymer 
having the needed macromolecular chain regularity 
required for crystallization. By designing starch 
esters of intermediate degree of substitution, 
prepared in a homogeneous modification process the 
placement of ester groups on the anhydroglucose 
repeat units is expected to follow a close to 
statistically random distribution pattern. This 
r suits in irregular macromolecular chains, giving 
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rise to novel amorphous thermoplastics with unique 
properties. 

Resin pellets were prepared with modified 
starch by twin-screw extrusion and injection molded 
into tensile bars and various molded articles. 
Figure 8 gives examples of injection molded 
products prepared with modified starch resin, 
including prototypes of disposable cutlery and MBI 
logo paperweights. These articles should serve to 
illustrate the thermoplasticity and processability 
of the modified starch compositions described in 
this invention. 

Example 23: 

This example presents results of water 
vapor absorption at a constant and high relative 
humidity. Tensile bar samples were equilibrated at 
50% RH for five days, and stored at 93% RH for the 
duration of the water absorption experiment. The 
water absorbed over time for each master batch was 
determined gravimetrically using 3 tensile test 
bars, which were normalized to the surface area of 
the samples. The average values are reported in 
Figure 10, which illustrates that the modification 
of starch described in the present invention 
results in a significant enhancement of the 
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moisture resistance, as compared for example with 
an unmodified starch composition (Master #1) . This 
enhanced moisture resistance is a key aspect of the 
present invention, allowing these materials to 
serve numerous applications which require this 
moisture resistance attribute. 

Example 24: 

For the preparation of extruded film good 
mixing of modified starch with plasticizer was 
found to be essential. Thus, 2 lbs. of an 80/20 
wt% mixture of propionated starch powder (prepared 
by the method in Example 1) with triacetin was 
extruded using a twin-screw extruder with 1" 
diameter screws (L/D=14) and dual orifice die. The 
powder was processed at a temperature profile of 
90°C (zone 1: feed), 100°C (zone 2), 105°C (zone 
3), and 100°C (zone 4: Die), and pelletized (or 
granulated) to give resin pellets reminiscent of 
conventional commercial plastic pellets. These 
pellets were subsequently extruded on a single- 
screw extruder with 1 M diameter screw (L/D«24) , 
equipped with an 8 " film die and three-stack chill 
roller and film winder. The temperature profile 
was 93°C (zone 1: feed), 121°C (zone 2), 121°C 
(zone 3), and 121°C (zone 4: Die); the chill 
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rollers were maintained at about 18 °C. The 
resulting film was transparent and flexible having 
a thickness of 1 to 10 mil depending on the chill 
roll speed. Water droplets placed on the 
thermoplastic film beaded up on the surface as a 
result of the moisture resistance of modified 
starch described in the present invention. Similar 
observations of transparency, flexibility and 
moisture resistance were made for solution-cast 
films prepared in Example 22. 

Figure 11 illustrates extrusion-cast film 
prepared with modified starch resin demonstrating 
transparency and water resistance. 

The products made with the present 
invention provide new starch-based materials 
utilizing agricultural resources which can be 
returned to those resources in an environmentally 
sound manner. The invention provides new polymeric 
materials for environmental compatibility. This 
was achieved by designing and engineering fully 
biodegradable materials that are thermoplastic yet 
break down under appropriate environmental 
conditions in a manner similar to their 
lignocellulosic counterparts. 

The invention has been described in an 
illustrative manner, and it is to be understood the 
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terminology used is intended to be in the nature of 
description rather than of limitation. 

Many modifications and variations of the 
present invention are possible in light of the 
5 above teachings. Therefore, it is to be understood 
that within the scope of the appended claims, the 
invention may be practiced otherwise than as 
specifically described. 
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What is claimed is: 

1. A biodegradable product made by 
preparing a modified biodegradable starch; and 

5 forming a hydrophobic modified starch 

molded product or film product, 

2. A product as in claim 1 further including 
the steps of modifying a starch with a reactive 

10 agent in a homogeneous process to form the 
biodegradable modified starch. 

3. A product as in claim 2 wherein said 
preparing step is further defined as combining a 

15 starch with an esterif ication reagent in an 
anhydrous aprotic solvent, causing a reaction 
between the starch and esterif ication reagent; and 
forming a hydrophobic biodegradable starch 
ester product up to a C18 ester. 

20 

4. A product as in claim 3 wherein said 
esterif ication reagent is selected from the group 
including anhydride, organic acid, acid chloride 
and ketene. 



25 



WO 95/04083 



PCT/US94/08348 



-64- 

5- A product as in claim 4 wherein the 
anhydride is selected from the group including 
acetic- , propionic-, butyric-, maleic-, succinic-, 
and stearic anhydrides, and combinations of the 
5 anhydrides to derive a copolymer, 

6. A product as in claim 1 having an amylose 
content of equal or greater than 50%. 

10 7. A product as in claim 6 having an amylose 

content of equal or greater than 70%. 

8. A product as in claim 6 having a degree of 
substitution from 0.4 to 2.5 DS. 

15 

9. A product as in claim 8 having a degree of 
substitution from 1.0 to 2.0 DS. 

10. A product as in claim 9 having a degree 
20 of substitution from 1.2 to 1.7 DS. 

11. A product as in claim 1 wherein said 
combining step is carried out in the presence of a 
basic catalyst. 

25 
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12 . A product as in claim 3 further including 
the step of neutralizing the reaction between the 
starch and esterif ication reagent during said 
combining step, 

5 

13. A product as in claim 12 wherein said 
combining step is further defined as combining the 
starch with the solvent and then adding the 
esterification reagent to the solvent containing 

10 the starch while continually neutralizing the 
reaction during said adding step. 

14. A product as in claim 13 wherein said 
neutralizing step is further defined as adding a 

15 neutralizing agent to the solvent and starch 
combination prior to adding the anhydride. 

15. A product as in claim 14 wherein the 
neutralizing agent is selected from the group 

20 including sodium bicarbonate, potassium 
bicarbonate, ammonium bicarbonate, sodium 
carbonate, potassium carbonate, ammonium carbonate, 
sodium hydrogen phthalate, sodium hydroxide, 
potassium hydroxide, ammonium hydroxide, sodium 

25 bisulf ate, potassium bisulfate, ammonium bisulfate, 
and ammonium dihydrogen phosphate. 
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16. A product as in claim l wherein the 
starch is selected from the group including corn 
starch, potato starch, tapioca starch, rice starch, 
wheat starch, and cassava starch. 

5 

17. A product as in claim l wherein said 
forming step is further defined as precipitating 
the product in a non-solvent. 

10 18. A product as in claim 17 wherein the non- 

solvent is selected from the group including 
ethanol, water, isopropanol and butanol. 

19. A product as in claim 18 wherein the 
15 flexibility and processability of the formed 

product are improved by adding a plasticizer to the 
reaction product. 

20. A product as in claim 19 wherein said 
20 step of adding a plasticizer is further defined as 

adding a low molecular weight solvent-type ester 
plasticizer. 



25 



21. A product as in claim 20 wherein the 
plasticizer is selected from the group including 
phthalate esters (dimethyl-, diethyl-, dipropyl-, 
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dibutyl-, dihexyl-, diheptyl-, dioctyl-, etc.), 
dimethyl-, diethylsuccinate and related esters, 
glycerol triacetate (triacetin) , glycerol mono- and 
diacetate, glycerol mono-, di and tripropionate, 
5 glycerol tributanoate (tributyrin) , glycerol mono- 
and dibutanoate, glycerol mono-, di- and 
tristearate, and other related glycerol esters, 
lactic acid esters, citric acid esters, adipic acid 
esters, stearic acid esters, oleic acid esters, 
10 ricinoleic acid esters, other fatty acid esters, 
erucic acid esters, soybean oil, and caster oil. 

22. A product as in claim l further including 
the step of increasing the range of properties of 

15 the formed product by adding a filler to the 
reaction product. 

23. A product as in claim 22 wherein said 
step of adding a filler is further defined as 

20 adding inorganic or organic fillers to extend the 
range of properties of the formed product. 

24. A product as in claim 23 wherein said 
step of adding a filler is further defined as 

25 adding inorganic fillers from the group including 
talc (hydrous magnesium silicate) , titanium 
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dioxide, calcium carb nate, clay, sand, chalk, 
limestone, diatomaceous earth, silicates, boron 
nitride, mica, glass, quartz, and ceramics, and 
biodegradable organic fillers including starch, 
5 cellulose, wood flour and fibers, and pecan fibers. 

25. A method of preparing a biodegradable 
product by preparing a modified biodegradable 
starch and forming a hydrophobic modified starch 

10 product. 

26. A method as in claim 25 further including 
the steps of modifying a starch with a reactive 
agent in a homogeneous process to form the 

15 biodegradable modified starch. 

27. A method as in claim 26 wherein said 
modifying step is further defined as combining a 
starch with an ester if icat ion reagent in an 

20 anhydrous aprotic solvent, causing a reaction 
between the starch and esterif icat ion reagent; and 
forming a hydrophobic biodegradable starch 
"ester product up to a C18 ester. 

25 28. A method of preparing biodegradable 

modified starch polymer as in claim 27 wherein said 
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esterification reagent is selected from the group 
including anhydride, organic acid, acid chloride 
and ketene. 

5 29. A method of preparing a biodegradable 

modified starch polymer as in claim 28 wherein the 
anhydride is selected from the group including 
acetic-, propionic-, butyric-, maleic-, succinic-, 
and stearic anhydrides, and combinations of the 
10 anhydrides to derive a copolymer. 

30. A method as in claim 26 wherein said 
preparing step having an amylose content of equal 
or greater than 50%. 

15 

31. A method as in claim 30 wherein said 
preparing step having an amylose content of equal 
or greater than 70%. 

20 32. A method as in claim 30 wherein said 

preparing step having a degree of substitution from 
0.4 to 2.5 DS. 

33. A method as in claim 32 wherein said 
25 preparing step having a degree of substitution from 
1.0 to 2.0 DS. 
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34. A method as in claim 33 wherein said 
preparing step having a degree of substitution from 
1.2 to 1.7 DS. 

5 35. A method as in claim 27 wherein said 

combining step is carried out in the presence of a 
basic catalyst. 

36. A method as in claim 27 further including 
10 the step of neutralizing the reaction between the 

starch and ester if icat ion reagent during said 
combining step. 

37. A method as in claim 27 wherein said 
15 combining step is further defined as combining the 

starch with the solvent and then adding the 
esterification reagent to the solvent containing 
the starch while continually neutralizing the 
reaction during said adding step. 

20 

38. A method as in claim 37 wherein said 
neutralizing step is further defined as adding a 
neutralizing agent to the solvent and starch 
combination prior to adding the esterification 

25 reagent. 
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39. A method as in claim 38 wherein the 
neutralizing agent is selected from the group 
including sodium bicarbonate, potassium 
bicarbonate, ammonium bicarbonate, sodium 
5 carbonate, potassium carbonate, ammonium carbonate, 
sodium hydrogen phthalate, sodium hydroxide, 
potassium hydroxide, ammonium hydroxide, sodium 
bisulfate, potassium bisulfate, ammonium bisulfate, 
and ammonium dihydrogen phosphate. 

10 

40 i : A method as in claim 27 wherein the 
starch is selected from the group including corn 
starch, potato starch, tapioca starch, rice starch, 
wheat starch, and cassava starch. 

15 

41. A method as in claim 27 wherein said 
forming step is further defined as precipitating 
the product in a non-solvent. 

20 42. A method as in claim 41 wherein said non- 

solvent is selected from the group including water, 
ethanol, isopropanol and butanol. 

43. A method as in claim 27 further including 
25 the step of increasing the flexibility and 
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processability of the formed product by adding a 
plasticizer to the reaction product. 

44. A method as in claim 4 3 wherein said step 
5 of adding a plasticizer is further defined as 

adding a low molecular weight solvent-type ester 
plasticizer. 

45. A method as in claim 44 wherein the 
10 plasticizer is selected from the group including 

phthalate esters (dimethyl-, diethyl-, dipropyl-, 
dibutyl-, dihexyl-, diheptyl-, dioctyl-, etc.)/ 
dimethyl- and diethylsuccinate and related esters, 
glycerol triacetate (triacetin) , glycerol mono- and 

15 diacetate, glycerol mono-, di and tripropionate, 
glycerol tributanoate (tributyrin) , glycerol mono- 
and dibutanoate, glycerol mono-, di- and 
tristearate, and other related glycerol esters, 
lactic acid esters, citric acid esters, adipic acid 

20 esters, stearic acid esters, oleic acid esters, 
ricinoleic acid esters, other fatty acid esters, 
erucic acid esters, soybean oil and caster oil. 

46. A method as in claim 27 further including 
25 the step of increasing the range of properties of 
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the formed product by adding a filler to the 
reaction product. 

47. A method as in claim 46 wherein said step 
5 of adding a filler is further defined as adding 

inorganic or organic fillers to extend the range of 
properties of the formed product. 

48. A method as in claim 47 wherein said step 
10 of adding a filler is further defined as adding 

inorganic fillers from the group including talc 
(hydrous magnesium silicate) , titanium dioxide, 
calcium carbonate, clay, sand, chalk, limestone, 
diatomaceous earth, silicates, boron nitride, mica, 
15 glass, quartz, and ceramics, and biodegradable 
organic fillers such as starch, cellulose, wood 
flour and fibers and pecan fibers. 
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